This study elucidates the feasibility of electrochemical treatment as a water recycling process in the dissolved air flotation (DAF) unit in the food industry. Effects of operation parameters such as current density, electrolysis time, initial pH of effluent, and mixing process were investigated on the removal of COD, TSS, and TDS of the DAF pretreated effluent. An increase of current density enhances the removal rates and reduces the electrolysis time to reach the maximum performance. The initial pH less than 7 and the addition of mixing process were proven to increase the efficiency of EC treatment. About 80% of COD, 100% of TSS, and 60% of TDS were successfully removed at 500 mA current for 1 hour of electrolysis. The final treated effluent was found to meet the discharge standard from the US Environmental Protection Agency. It was concluded that EC process could be effective as an advanced water resourcing technology in the food industry.
INTRODUCTION
The food industry is one of the most water-consuming industries along with the pulp and paper industry and the textile industry (Casani et al. 2005) . A huge amount of wastewater is spent in food industry processes such as cleansing of raw materials and equipments, process operation, and cooling. Proper management of wastewater has always been an important task in the food industry for both economic and environmental concerns (Palumbo et al. 1997) . A variety of wastewater treatment practices such as biological treatment, membrane separation and coagulation process were utilized throughout the food industry (Campos et al. 1986; Rusten et al. 1990; Blocher et al. 2002) .
The use and development of dissolved air flotation (DAF) has particularly been expanding in the food industry for the pre-treatment of food and meat processing effluents because it operates based on a reasonably simple design and it is very efficient at removing suspended solids, fats, oils and greases, which are the main organic matters in wastewater from the food processing industry (Kiuru & Vahala 2001) . In a DAF unit, air is dissolved into water under pressure to produce a saturated solution of air and water in a pressure vessel. The pressurized air/water feed is then injected into the flotation tank and the sudden pressure drop in the tank causes the release of very fine air bubbles. These very fine bubbles play a crucial role in the high separation efficiency of DAF process. Air microbubbles adhere to suspended particles in the wastewater, increasing the buoyancy of the particles, causing them to float to the surface and to form a floating layer. The floated sludge is skimmed off from the top of reactor or collected through the screening in the down stream. Mittal (Mittal 2006) reported that DAF units can achieve about 35% reduction of total COD (TCOD) and soluble solids (SS) DAF units with chemical addition can reduce 30 -90% of COD, 70-97% of TSS and 89 -98% of fats, oil & grease (FOG) from the meat processing wastewater. However, the resulting stream after DAF process is unlikely to meet the increasingly stringent regulation on the discharge limits (Johns 1995) . The combination of proper secondary treatment process after DAF process is required and the effective water recycling through waste water treatment can bring the economic advantage in the food industry by utilizing a huge quantity of drain water in DAF process.
Electrochemical (EC) treatments such as electrocoagulation, electroflotation and electrochemical oxidation have been studied extensively because of their several advantages over a typical wastewater treatment plant (Rajeshwar et al. 1994) . The electrochemical based systems allow rapid and controlled reactions with robust and compact instrumentation, which provide ease of automation (Chen 2004) .
Instead of using chemicals and micro-organisms, the electrochemical systems only employ electrons to facilitate water treatment, which offer better environmental compatibility (Mollah et al. 2004) . Electrochemical treatments generally have lower temperature requirements and require less space, and produce fewer by-products or sludge (Mollah et al. 2001) . EC treatment is a complicated process involving many chemical and physical phenomena that use the in situ generation of coagulants by electrolytic oxidation of the sacrificial electrode materials. Through the connection to the external DC source, the electrode materials such as Fe or Al are dissolved from the anode generating corresponding metal ions, which almost immediately hydrolyze to polymeric iron or aluminium hydroxides.
These polymeric hydroxides are excellent coagulating agents which can combine with charged particles or colloidal contaminants in the wastewater. The coagulated contaminants are then removed by electroflotation, sedimentation, or filtration to provide clean water in the end.
The promising performance of electrochemical treatment has been proved in the diverse types of wastewater treatments including heavy metals (Thaveemaitree et al. 2003) , foodstuff (Chen et al. 2000) , textile dyes (Naumczyk et al. 1996) , oil wastes (Gotsi et al. 2005) , suspended particles (Bukhari 2008) , fluorine (Mameri et al. 1998) , phenolic wastes (Korbahti & Tanyolac 2003) , ultra-fine particles (Matteson et al. 1995) , mine wastes (Jenke & Diebold 1984 ) and water disinfection (Feng et al. 2004) .
Conventionally, electrochemical treatment or coagulation via chemicals have been applied prior to DAF process in order to improve the efficiency of waste water treatment by increasing particle size or neutralizing the charge effect of effluent. In the recent work by Yoo et al. (Yoo et al. 2009 ), the DAF unit was utilized as a tool to recover the valuable products such as calcium carbonates from eggshell waste. In this paper, the electrochemical treatment was 
MATERIALS AND METHODS

Dissolved air flotation (DAF) process
In this paper, we simulate the DAF effluent by using a lab scale DAF separation process with eggshell waste (Yoo et al. 2009 ). The DAF process for eggshell waste treatment is shown in Figure 1 . The eggshell mixture was prepared by mixing 620 g of eggshell waste with 400 ml water and was ground using a homogenizer for 10 min to separate the eggshell membrane from the eggshell and to produce The floated stream passes through a screen filtering system to recover the suspended eggshell particles. The DAF effluent is collected after the screening system for further electrochemical treatment. Table 1 shows the characteristics of the DAF effluent that were relevant to the electrochemical post-treatment in this study.
Electrochemical treatment
Electrochemical treatment has been carried out using a for two hours, cooled down for three hours, and analyzed using a UV-Visible spectrophotometer (Spectronic 610, Milton-Roy, USA) at 620 nm wavelength. TSS and TDS
were measured according to the methodology described in the Standard Methods (Clesceri et al. 1998) . All the experiments were performed in triplicate to ensure reproducibility.
RESULTS AND DISCUSSION
Effect of electrochemical treatment time and current density
In the EC process, current density and treatment time are important condition parameters. We investigated the effect of electrolysis time and current density on the EC treatment of DAF pretreated eggshell wastewater. Figure 3 represents the effect of treatment time on the removal efficiencies of COD, TSS and TDS with various current density conditions such as 100, 300 and 500 mA. As the current density increased, the treatment time needed to achieve similar efficiencies decreased. In removal of COD ( Figure 3A ), EC treatment with high current densities of more than 300 mA brings 70% of COD removal within 30 min while it takes 2 hours with low current density of 100 mA to get the same performance. The removal efficiency of TSS also increases as the applied current density increases ( Figure 3B ). After 1 hour of treatment, TSS decreases by 70, 90 and 100% with 100, 300 and 500 mA, respectively. But after 2 hours of treatment, the removal rate of TSS reaches up to 100% in all current densities. Figure 3C shows that the efficiency of TDS removal is also improved when the wastewater is treated for a longer time and with high current densities.
These positive effects of current density and electrolysis time on the removal of COD, TSS, and TDS can be explained by Faraday's law of electrolysis:
where m is the mass of the substance altered at an electrode (g cm 22 ), Q is the total electric charge passed through the substance (C cm 22 ), I is the current density (A cm show a plateau after a certain electrolysis time, indicating that they reach their own maximum performance. With applying a current of 500 mA for 1 hour, the removal efficiencies reached their own maximum values such as 80% and 100% for COD and TSS respectively and were not improved significantly after that. As shown in Figure 4 , the consumption of both electrical energy and the soluble electrode, which are main components of the operating cost, increases progressively as the applied current density is higher and the electrolysis time is longer. Taking into account both process cost and performance efficiencies with 300 mA and 500 mA of current densities, the difference of performance efficiencies is negligible but the operating cost will be much higher with 500 mA of current density.
Therefore, one hour of electrolysis time with 300 mA current density is considered to be optimal for a batch system to treat 2 L of DAF pretreated eggshell wastewater without adding additional electrolyte salts. The pH values ( Figure 3D ) have been maintained between 8.0 and 8.5
during 4 hours of treatment to prove that no additional treatment will not be required to correct the effluent pH to regulatory discharge values.
Effect of initial pH on the removal of COD, TSS and TDS
The initial pH of wastewater is an important parameter in the electrochemical treatment. Through the dosage of acids (sulfuric acid) or alkaline (sodium hydroxide) solutions, the At the anode:
At the cathode:
The initial pH can affect these reactions and influence the performance of EC treatment. At low pH, high concentration of protons facilitates the hydrogen evolution at the cathode to produce the more hydroxyl ions. At the same time, it reduces the oxygen evolution rate at the anode It can be concluded that low pH conditions might be beneficial to achieve high removal efficiencies for COD and TSS. But it should be noted that similar performance could be achieved at the original pH of the DAF pretreated eggshell wastewater around pH 7 to 8. In a real application, the pH adjustment through chemical addition may be expensive, and the pH adjustment also increases TDS values significantly ( Figure 5C ). Thus, a further pH adjustment may not be necessary for this case.
Effect of mixing on the removal efficiency of COD,
TSS and TDS
The effect of mixing on the EC process was investigated and shown in Figure 6 . Results indicated that when the mixing was applied to the EC process, the removal efficiencies of COD and TDS were improved after 1 hour of treatment.
But, TSS removal efficiency does not show the difference with or without mixing process. The EC process is a diffusion controlled process. Adequate mixing can provide effective collisions between coagulant and pollutant particles to enhance coagulation. The mixing effect can increase the current efficiency also. According to Bard's work (Bard & Faulkner 1980) , the operating current can be expressed the following equation:
where I is the current, n is number of electrons per molecule oxidized or reduced, F is Faraday's constant, A is the (Matteson et al. 1995; Ilhan et al. 2008) . Our results also present the possible adverse effect of mixing on coagulation process to show that TSS removal efficiency was not improved with mixing process. Therefore, the optimum mixing rate needs to be found to ensure the performance of EC treatment.
Further study is highly required to develop the advanced mixing technologies.
Sludge production in electrochemical treatment
The EC process produces sludge as a by-product which needs to be handled and disposed of properly. The effect of EC treatment conditions on sludge formation was investi- reported that compared with other chemical precipitation processes, the EC process produces less sludge and the generated sludge is environmentally friendly in that metals in the EC sludge are stabilized in a non-hazardous form as oxides (Mollah et al. 2001 
CONCLUSION
In this research work, we explored the applicability of electrochemical treatment as a post-treatment process to purify DAF pretreated wastewater for advanced water resourcing technology. Effects of various operation parameters such as current density, electrolysis time, initial pH of effluent, and mixing in the EC system on the removal of COD, TSS, and TDS of the DAF pretreated eggshell wastewater were investigated and optimized. It was shown that application of higher current density and longer electrolysis time enhances removal efficiencies of COD, TSS and TDS. But it is also indicated that sludge generation, consumption of electrodes, and electrical energy also increment linearly along with current density and electrolysis time. Acidic or neutral pH conditions were found to be better than alkaline conditions to improve removal efficiencies for COD and TSS in EC treatments. It was also recognized that the mixing process could improve the mass transfer rate in the EC cell and consequently bring high current density which is critical for EC treatment. Results showed that 80% of COD, 100% of TSS, and 60% of TDS were successfully removed from the DAF pretreated eggshell wastewater after 1 hr of electrolysis at the operating condition with a current density of 500 mA, and the natural pH condition of DAF effluent around 7 to 8 in the lab scale batch system. The quality of the final discharge after EC treatment in terms of BOD, TSS, and pH was also proven to match EPA regulations. Consequently, EC treatment is confirmed to be technically feasible as a post-treatment step after the DAF process and an advanced water resourcing technology in the food industry. 
